Transcription is the first of many biochemical steps that turn the genetic information found in DNA into the proteins responsible for driving cellular processes. In this review, we highlight certain advantages of single-molecule techniques in the study of prokaryotic and eukaryotic transcription, and the specific ways in which these techniques complement conventional, ensemble-based biochemistry. We focus on recent literature, highlighting examples where single-molecule methods have provided fresh insights into mechanism. We also present recent technological advances and outline future directions in the field.
Introduction
The regulation of transcription is a highly efficient means of controlling genes, because it limits the energetic and materials cost of aborting expression at any subsequent stages. Selection pressure to avoid alternative, but possibly more wasteful forms of control, such as degrading completed proteins, likely accounts for the exquisite regulation found in all cells at each of the three fundamental phases of transcription: initiation, elongation, and termination.
Transcription has been investigated using a variety of established experimental techniques. The traditional workhorse of the field has been gel electrophoresis, which is able to follow the progress of RNA polymerase (RNAP) along DNA by footprinting, and also the extent of RNA production via transcript labeling. Gels have also supplied extensive information about the contacts between RNAP and DNA, the propensity of the enzyme to pause in response to various sequence elements, and the effects of different protein cofactors. X-ray crystallography has also provided a fairly complete picture of the overall structures of both bacterial and eukaryotic elongation complexes and helped to supply insights into the structural rearrangements that are thought to occur during each catalytic cycle.
Although these and similar techniques have significantly advanced our understanding of transcription, they tend to supply static pictures of an otherwise dynamic process. Significantly, they lack the ability to monitor transcriptional events directly on the time scales over which these occur and, as such, can only offer clues about the underlying dynamics. Furthermore, these traditional techniques monitor the properties of large ensembles of nominally identical RNAP molecules, thereby obscuring individual behaviors and possibly overshadowing the contributions of minor subpopulations. With the advent of single-molecule techniques, not only is it possible to observe the dynamics of transcription directly in real time, but it is also now feasible to apply this diagnostic power to study individual polymerase molecules.
Several recent reviews have examined the roles of singlemolecule and optical techniques for the study of transcription (Bai et al., 2006; Galburt et al., 2009; Greenleaf et al., 2007; Herbert et al., 2008; Strick, 2008) . Here, we illustrate ways in which single-molecule methods have provided additional insights into (1) heterogeneity in activity among individual RNAP molecules, (2) transient events that occur during the transcription cycle, (3) the mechanical performance of RNAP during the elongation phase, (4) reaction steps within the cycle that involve RNAP translocation, and (5) the interaction of RNAP with different nucleic acid sequence elements.
Heterogeneous Behavior
The existence of heterogeneity in molecular populations has been established for a wide variety of enzyme systems, from kinases involved in tumorigenesis to calcium channels critical to heart regulation (Foell et al., 2004; Nishizuka, 1988) . Molecular subpopulations may differ by as little as a single amino acid, yet display distinct enzymatic activities and localize to different subcellular regions, suggesting that such intrinsic differences may serve a useful biological function. Molecular heterogeneity also plays a role in creating cellular diversity within the human body. Despite the common DNA shared by the different cell types within an organism, minor differences in the chemical state of histone proteins, for example, can lead to large-scale rearrangements of the chromatin fiber, ultimately affecting the accessibility of genes for transcription and the determination of cell fate (Horn and Peterson, 2002) .
Chromatin state is just one possible source of transcriptional heterogeneity, however. It is also conceivable that heterogeneity in the states of individual RNAP molecules may affect gene expression overall. We now know that RNAP exhibits heterogeneity in the rate of transcript elongation (Erie, 2002; Matsuzaki et al., 1994) . This rate is known to depend upon ionic conditions, temperature, template sequence, and external transcription factors (Abbondanzieri et al., 2005b; Conaway et al., 2000; Landick, 2006) . However, even when such variables are fixed, single-molecule studies conducted in vitro reveal a greater-than-expected heterogeneity in the rates of transcription among individual RNAP complexes ( Figure 1E ). This variance may reflect a static conformational heterogeneity among otherwise identical RNAP molecules, or it may be a consequence of actual differences in the chemical composition of different molecules (resulting, for instance, from translational errors or subsequent chemical modifications). Although both the source and effect of rate heterogeneity are unknown, it likely has important implications for the mechanistic basis of stochastic variation in gene expression (Raj and van Oudenaarden, 2008) and also for the regulation of transcript elongation, a topic of increasing concern in studies of eukaryotic gene regulation (Price, 2008) . In this section, we will discuss the power of single-molecule techniques to characterize molecular heterogeneity in transcription. The evidence for and against RNAP heterogeneity will be examined along with candidate explanations for heterogeneity.
Ensemble measurements are only able to discern velocity heterogeneity within a population of RNAP molecules when such subpopulations are comparatively large and their characteristic rates differ significantly. Single-molecule measurements, by contrast, can detect the rarest of events (Okumus et al., 2004) and resolve small differences in transcription rate, down to the level of 1 bp/s. Although conventional kinetic studies have documented heterogeneous behavior (Erie, 2002; Matsuzaki et al., 1994) , it cannot be conclusively determined whether this heterogeneity results from velocity state switching in individual RNAP molecules or from coexisting subpopulations of complexes with different, fixed transcription rates.
Velocity heterogeneity was noted in the very first single-molecule transcription experiments, which monitored the elongation of E. coli RNAP by tracking the progress of individual enzymes along a DNA template (Schafer et al., 1991) . In that assay, the upstream end of a DNA template is attached to a nanometersized gold particle, and an RNAP molecule transcribing that same template is nonspecifically adsorbed to a coverglass A) In the tethered particle assay, RNAP (green) is absorbed nonspecifically onto a coverslip surface. As RNAP transcribes downstream (green arrow) along the DNA template (blue), the length of the tether between the bead (light blue) and RNAP shortens, reducing the Brownian excursions of the bead, which can be used to monitor the tether length. (B) In the DNA-pulling single-trap assay, the upstream end of the DNA template is tethered to a coverslip via an antibody linkage (black and purple). RNAP is attached to a polystyrene bead via a biotin-avidin linkage (black and yellow), and the bead is pulled toward an optical trap (pink) that provides a restoring force, F. (C) In the RNA-pulling double trap assay, a 3 kb DNA handle (dark blue) with a 25 nt single-stranded overhang is tethered to a larger bead via a bitoin-avidin linkage. The overhang is complementary to the 5 0 end of the RNA and is annealed to the nascent transcript. RNAP is tethered to a smaller bead via a second a biotin-avidin linkage. The beads are maintained in separate optical traps free of the coverglass surface. (D) Single-molecule transcription records: tether length is converted into position of RNAP along the template and plotted as a function of time. Some pauses are indicated (red arrows). Many records end in the immediate region of an intrinsic terminator (solid gray bar). (E) Histogram (blue bars) of the average instantaneous velocities from individual transcription records (n = 123); a Gaussian fit to these data (solid red line) supplies a mean velocity of 23 ± 11 bp/s. By comparison, the narrower distribution based on the average deviations of velocities within a given trace is shown (dotted black line). The additional variance indicates heterogeneity. surface ( Figure 1A ). As RNAP transcribes downstream, the DNAtethered bead moves further from the surface. Through measurement of the increase in the amount of Brownian motion of the bead as the length of its tether increased, the position of the enzyme along the DNA template can be inferred. A plot of RNAP template position versus time reveals the instantaneous rate of transcription ( Figure 1D ). For a given RNAP molecule, the average rate of transcription was found to be relatively constant throughout the template. However, when the characteristic velocities of individual enzymes were compared, there was significant heterogeneity in the rate, beyond that attributable to measurement error.
The study by Schafer et al. was the first direct demonstration that transcription rates varied among individual RNAP molecules. The observed velocity distribution was well-fit by a single Gaussian ( Figure 1E ), whose mean agreed well with previous ensemble measurements of transcription rates, but whose width exceeded the estimated experimental error for the rates of individual runs. Since this original study, various methods have been pursued to identify the source(s) of the velocity heterogeneity. The use of stereospecific attachment techniques for RNAP ( Figure 1B ) ruled out variation in the orientation of RNAP with respect to the immobilization surface as one possible explanation for heterogeneous behavior (Neuman et al., 2003; Toli c-Nør-relykke et al., 2004) . Parallel observations of multiple transcription complexes located within the same microscope field of view eliminated preparation-to-preparation variability as a candidate explanation, produced, for example, by changes in the temperature or solute concentrations (Toli c-Nørrelykke et al., 2004) . Improved temporal resolution was also important to determine whether any differences in rates were due to changes in the raw translocation speeds or, instead, to variations in the propensity of each enzyme to pause. For example, one early report of velocity ''state switching'' in single-RNAP molecules (Davenport et al., 2000) was conducted at comparatively low temporal resolution (>15 s), and no such state switching was found in subsequent studies conducted at much higher resolution with the enzyme. In retrospect, it seems likely that the apparent changes in velocity reported for a small number of comparatively short records may simply represent an artifact of undetected transcriptional pauses. When pauses as brief as 1 s are systematically detected and removed from the analysis, records can be used to derive ''pause-free'' elongation rates for single-RNAP molecules. These pause-free velocities appear to be remarkably constant and representative of each molecule, but with a significant population variance that exceeds the uncertainty in measurement (Wang et al., 1998) .
Most single-molecule experiments attach RNAP to a surface via a tag on the b 0 subunit. In an effort to implement an assay that more closely resembles transcription in bulk solution, Adelman and coworkers tethered their transcription complexes instead via the a subunit CTD, a domain that is flexible and located distal from the enzyme active site (Adelman et al., 2002) . Using this modified attachment, the authors reported a mean velocity of 12.8 ± 4.9 bp/s. After application of a correction to remove noise introduced by Brownian motion of the bead, the standard deviation dropped to 4.7 bp/s, which is still significantly larger than the estimated statistical uncertainty in their velocity determination (1.5 bp/s). Both the mean and standard deviation of this velocity would seem to be fully consistent with previous single-molecule measurements; for a summary, see Toli c-Nørrelykke et al. (2004) . This consistent finding may be interpreted as confirming that earlier attachments via the b 0 subunit did not deleteriously affect the kinetics of elongation. Importantly, however, surface attachment via the a-CTD did not reduce the comparatively large variation observed in transcription velocities, and therefore indicates some degree of population heterogeneity.
At about the same time, an ensemble study of termination by Pasman and von Hippel (2002) concluded that RNAP molecules were effectively homogenous with respect to their propensity to terminate. This work was motivated by the possibility that persistent conformational heterogeneity in RNAP might explain the known variation in termination efficiency (TE) (Harrington et al., 2001 ). Pasman and von Hippel measured the TE of complexes that had been subjected to various selection steps in order to enrich putative subpopulations. Complexes were selected by upstream terminators (both intrinsic and rho dependent), arrest by lengthy incubations, or heat treatments. Regardless of the technique used, the enriched subpopulations of transcription complexes still terminated with the identical efficiency at a downstream intrinsic terminator. The authors concluded that if multiple subpopulations of transcription complexes did exist, then these must interconvert rapidly on the timescale of elongation, because no variation in TE was ultimately observed at the reporter site. However, it should be noted that this assay measures only heterogeneity in the TE, not in the velocity of the enzyme during active elongation. Although the value for TE may be correlated using knowledge of the velocity (McDowell et al., 1994) , the measurement of TE used in that assay is insufficiently sensitive to discern heterogeneity in transcription rates.
There are several candidate explanations for molecular heterogeneity, which continues to be observed in a variety of contemporary experiments. Based on the measured frequency of base misincorporation during transcription (1 error per 10 5 residues) and amino acid misincorporation during translation (1 error per 10 4 residues), every third RNAP enzyme (>3000 residues) would be expected to contain at least one altered amino acid, on average (Ninio, 1991) . Previous studies have established that point mutations in the RNAP protein sequence can drastically affect its enzymatic activity (Adelman et al., 2002; Kaplan et al., 2008; McDowell et al., 1994) , suggesting that errors made during either transcription or translation of RNAP itself may explain additional variance in turnover rates. Single-molecule measurements of the smaller, single-subunit T7 RNAP, which contains only 883 residues, are roughly consistent with this hypothesis: the observed standard deviation for T7 RNAP is 29% of the mean (Thomen et al., 2008) , which is smaller than the 42% deviation measured for E. coli RNAP (Toli c-Nørrelykke et al., 2004) . For eukaryotic RNA polymerase II (Pol II), molecule-to-molecule variations may also arise from alternative splicing of messenger RNA (mRNA). In prokaryotes, posttranslational modifications are known to target RNAP (Nechaev et al., 2010) , potentially producing variants with different enzymatic activities. However, an alternative explanation is that RNAP molecules with otherwise identical primary structures might fold in different conformations with distinct transcriptional activities. This possibility has been advanced in reports of ensemble experiments (Berghö fer-Hochheimer et al., 2005) , single-molecule experiments (Davenport et al., 2000) , and on theoretical grounds (Harrington et al., 2001) . Moreover, molecules with similar tertiary structures may be subject to dynamic ''state switching'' during elongation, adopting an activity state that persists throughout the transcription of an entire gene (Herbert et al., 2006; Neuman et al., 2003) or that rapidly interconverts between activity states, possibly at each new template position.
The majority of single-molecule studies has reported differences in rates of transcription among individual molecules that exceed random sampling error, as well as variations in the propensity of a given molecule to pause (Adelman et al., 2002; Herbert et al., 2006) . However, the effects of systematic error, including instrumental error and preparation-to-preparation variation, are difficult to take into account, and it seems fair to conclude that the source of heterogeneity remains to be explained. In particular, chemical heterogeneity among individual RNAP molecules has not been excluded. Regardless, any explanation will need to account for the persistence of velocity over significant periods of time, because state switching has not been reliably observed for individual RNAP molecules. Finally, the consequences of heterogeneity on cellular transcription, if any, remain to be established.
Transient Pauses during the Transcription Cycle
How does a cell modulate the output of a given gene if each RNAP molecule transcribes at a more-or-less constant speed? One possibility is that the mode of regulation occurs not by modulating the elongation rate, per se, but by altering the fraction of time during which RNAP is actively elongating, and not paused. Pausing by multisubunit RNAP molecules is remarkably conserved across different organisms and has been implicated as a key step in a variety of cellular processes. In addition to affecting the overall rate of RNA production, it has been proposed that transcriptional pauses facilitate the recruitment of external regulatory factors (Artsimovitch and Landick, 2002; Roberts et al., 1998) , the synchronization of transcription with translation (Henkin and Yanofsky, 2002) , and the promotion of a variety of RNA processing events, including cotranscriptional folding (Pan and Sosnick, 2006) , promoter-proximal regulation (Nechaev et al., 2010) , splicing (de la Mata et al., 2003) , polyadenylation (Yonaha and Proudfoot, 1999) , and termination (Gusarov and Nudler, 1999; Palangat et al., 1998) . Many types of pauses can be studied with ensemble methods. However, the spread in template position among an initially synchronized population of transcribing RNAP molecules, which develops naturally from any velocity heterogeneity, makes it difficult to detect brief pauses under normal cellular conditions with traditional gel-based assays. Such assays also lack the ability to observe pauses that occur with low efficiency or at random locations along the DNA template. Single-molecule techniques, on the other hand, can identify pauses as short as one second regardless of efficiency or template position. This section will focus on progress with single-molecule techniques to study previously characterized transcriptional pauses at a new level of detail, as well as their role in revealing a previously undetected pause state. We will then outline proposed models for pausing based on a synthesis of ensemble and single-molecule findings.
Two classes of relatively long-lived regulatory pauses have been characterized by biochemical methods (Artsimovitch and Landick, 2000) . Pauses constituting the first class (class I) may be triggered by any of a variety of DNA sequence elements, but are subsequently stabilized by hairpins that form in the nascent RNA. During hairpin-dependent pauses, RNAP is thought to remain largely in its pretranslocated state on the DNA, with the RNA 3 0 end frayed out beyond the active site (i.e., displaced in the transcriptionally downstream direction), precluding further nucleotide addition (Toulokhonov et al., 2007) . Pauses constituting the second class (class II) involve the backtracking of RNAP, which may be triggered by sequences where the RNA:DNA hybrid is comparatively weak (Komissarova and Kashlev, 1997; Nudler et al., 1997) , displacing the enzyme upstream along the DNA (Shaevitz et al., 2003) . Optical-trapping studies have identified a separate class of pauses, typically brief and distinct from those previously reported. The characterization of such events, which were originally termed ''ubiquitous pauses'' owing to their relatively frequent occurrence along tracts of genomic DNA (Neuman et al., 2003) , suggested that they might represent a distinct mechanistic class that is difficult to detect on standard transcription gels. The discovery of ubiquitous pauses illustrates the ability of single-molecule approaches to detect transient events that may affect only a small fraction of transcribing RNAP molecules.
Subsequent investigations have probed further properties of ubiquitous pauses. The conjecture that they are induced by the frequent formation of secondary structure in the nascent RNA-analogous to hairpin-dependent pauses, such as the well-studied his pause -was tested by a optical-trapping assay where load was exerted along the RNA, instead of along the DNA template ( Figure 1C ) (Dalal et al., 2006) . At sufficiently high loads (>18 pN), all secondary structure in the nascent transcript is mechanically removed. The frequencies and durations of ubiquitous pauses in the absence of RNA hairpins were statistically indistinguishable from the corresponding distributions obtained previously with a DNA-pulling assay (Neuman et al., 2003) . This result established that ubiquitous pauses are not caused by RNA secondary structure, per se.
To investigate the sequences responsible for ubiquitous pauses, Block and coworkers constructed periodic transcription templates that included tandem repeats containing imbedded class I or class II pause sequences spaced at regular intervals (Herbert et al., 2006) . These strong regulatory pauses, as well as the weaker pause signals occurring naturally in the flanking regions, served as registration marks in the single-molecule records that could be used, in a statistical procedure, for the precise alignment of an ensemble of records with respect to the underlying sequence. Prior to the development of this approach, optical-trapping assays had only been capable of resolving the absolute position of RNAP on the DNA to within roughly ± 100 bp, an uncertainty dominated by random variations in the diameters of the polystyrene beads used to tether transcription complexes. Using the new approach, the authors were able to resolve the template position of individual, transcribing RNAP molecules to nearly the base pair level. Statistically aligned records of transcription on repeat templates showed clear evidence of reproducible pauses in the flanking regions, and these generally weaker ubiquitous pauses could be correlated with sequence motifs that were in many respects similar to those of other, regulatory pause sequences. Moreover, the rates of exit from such ubiquitous pauses were similar for all pauses identified. This property led the authors to model ubiquitous pausing as an ''elemental'' pause state that branches directly off the main pathway for transcriptional elongation. Once RNAP enters this state, it may resume active elongation after 1 s or subsequently enter a longer pause state that is stabilized by some additional mechanism (e.g., either hairpin formation or backtracking).
Pauses measured with the DNA-pulling dumbbell assay report the position of RNAP along the DNA, whereas transcriptional gel assays report the position of RNAP by monitoring the corresponding length of the product RNA. The two methods can be used in combination to determine the translocation register of RNAP at a given pause site. When RNAP is in its pretranslocated state, the pause position measured in the optical-trapping assay will be the same as the position measured by a gel assay. However, when RNAP is in its posttranslocated state, the position measured in the trapping assay will be shifted by 1 bp downstream. The positions of both elemental pauses and imbedded regulatory pauses in the repeat templates were found to be statistically consistent with a pretranslocated state (Herbert et al., 2006) , based on the known pretranslocated register of the his pause, determined by a direct biochemical assay using populations of paused RNAP molecules (Toulokhonov et al., 2001) . The assignment of elemental pauses to the pretranslocated register was recently confirmed by an additional set of direct biochemical assays using an unrelated set of pause sequences (Kireeva and Kashlev, 2009) .
High-resolution, single-molecule studies have demonstrated directly that long pauses (>25 s) are associated with the backtracking of E. coli RNAP along DNA (Shaevitz et al., 2003) . The average size of this rearward motion is 5 bp, and the frequency of backtracking pauses increases in the presence of the nucleotide analog ITP (which closely resembles GTP), suggesting that at least some fraction of backtracking events may be triggered by nucleotide misincorporation into the transcript. When the accessory factors GreA or GreB were added to the single-molecule transcription assay, both the numbers and durations of long pauses were significantly suppressed, because these factors are able to cleave the frayed RNA produced by backtracking, thereby excising the misincorporated base and regenerating a fresh 3 0 end of the transcript at the enzyme active site. The durations of backtracking pauses display high sensitivity to loads placed on RNAP relative to DNA, because this externally applied force is able to bias energetically the position of RNAP on the template. This property is in sharp contrast to short ubiquitous pauses, whose frequencies and durations are comparatively insensitive to external loads (Dalal et al., 2006; Neuman et al., 2003) .
The force insensitivity of short pauses is consistent with two alternative interpretations (Figure 2 ). The first is that short pauses may not involve longitudinal motions of RNAP along the template, but instead result from a conformational rearrangement of the enzyme active site (Artsimovitch and Landick, 2000) . Because no longitudinal motion takes place, no mechanical work is performed when load is applied and the energetics of RNA synthesis cannot be influenced. Alternatively, it has been suggested that all pauses, including short ubiquitous pauses, are a consequence of RNAP backtracking. In this model, once RNAP enters into a backtracked state, it can freely diffuse among various backtracked positions (separated by single base pairs) until the RNA 3 0 end is restored to the active site and the enzyme can resume normal elongation (Depken et al., 2009 ). The expected distribution of pause durations is therefore supplied by the ensemble of first-passage times required by an enzyme to diffuse randomly on a regular lattice back to the origin from (Abbondanzieri et al., 2005a; Thomen et al., 2008) , shown relative to the nucleic acid scaffold. During elongation, RNAP shuttles back and forth between its pre-and posttranslocated states until nucleotide binding rectifies this motion and an incoming NTP is incorporated into the growing transcript. Pausing represents an off-pathway event and is depicted here as branching from the pretranslocated state. In the elemental pause model (top), pausing results from fraying of the RNA 3 0 end into an alternate site (green circle) located distal to the active site, and does not involve any translocation of RNAP with respect to the scaffold. Such a state can serve as a precursor to a hairpin or backtracked pause. In the reverse translocation pause model (bottom), pausing results from a backtracking motion of RNAP along DNA through 1 or more bp. The pause duration is determined by the time taken for RNAP to diffuse back to its original starting position, where the RNA 3 0 end realigns with the active site.
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Review a backtracked position. Assuming that the transition state for moving from site to site lies halfway between adjacent base pairs on the DNA, this model predicts that shorter pauses (those on the order of 1 s) will be relatively insensitive to load. Based on this property, Depken and colleagues suggested that a significant fraction of short ubiquitous pauses may actually represent short backtracks by RNAP. However, recent ensemble assays would seem to favor the nontranslocating, elemental pause model, at least for bacterial RNAP (Kireeva and Kashlev, 2009; Landick, 2009) . Although the proportion of pauses caused by RNAP backtracking remains controversial, a fairly detailed mechanistic and kinetic picture of transcriptional pausing has emerged from biochemical and single-molecule data. In this consensus model, pausing is an off-pathway (a nonobligatory) event that is triggered by distinct sequences encoded within the DNA template (Herbert et al., 2008) . A fraction of these pauses involve fairly large backtracking motions of RNAP, while others are additionally stabilized by hairpin-like structures that can form in the nascent transcript.
Thus far, experiments on transcriptional pausing have largely been restricted to in vitro studies, although in vivo experiments have also revealed compelling evidence for pausing in a small number of promoter-proximal cases (Kainz and Roberts, 1995; Nechaev et al., 2010) . Although approaches capable of measuring transcriptional dynamics in vivo are emerging (Darzacq et al., 2007) , pausing by RNAP has not yet been directly observed inside living cells. It therefore remains to be established whether short ubiquitous pauses persist in the cellular environment in the presence of various transcriptional cofactors and DNA-binding proteins.
Single-Molecule Studies of Pol II: Effects of Load and Nucleosomal Obstacles
One advantage of studying transcription in prokaryotes is the ability to gain a deeper understanding of the transcriptional process while avoiding some of the complexities associated with eukaryotic systems. Overall, multisubunit eukaryotic RNA polymerase II (Pol II) and bacterial RNAP are similar in sequence and carry a conserved core structure, despite having very different numbers of protein subunits (Allison et al., 1985; Cramer et al., 2001; Sweetser et al., 1987) . Both enzymes contain conserved subdomains that mediate the key elements of nucleotide binding, translocation, and catalysis, as well as similar channels for DNA passage, RNA exit, and nucleotide entry. The mechanistic picture of transcription elongation has now been informed by crystal structures of RNAP isolated from eubacteria, archeae, and eukaryotes (Cramer et al., 2001; Hirata et al., 2008; Vassylyev et al., 2007) .
That said, eukaryotic transcription is more complex than its bacterial counterpart in several significant ways. Transcription by Pol II is regulated by a distinct set of eukaryotic protein cofactors (Conaway et al., 2000) , and some of their interactions must be transmitted via the mediator protein complex to be effective (Kim et al., 1994) . Arguably, the most important difference is that eukaryotic RNA polymerase transcribes through nucleosomes in vivo, which act as barriers to elongation (Izban and Luse, 1991) and have been widely implicated in the regulation of gene expression (Horn and Peterson, 2002) . The study of the mechanisms of eukaryotic transcription through the lens of single-molecule biophysics requires assays specific for eukaryotic Pol II. This section will cover recent developments that have enabled the study of individual yeast Pol II complexes. These experiments probe the mechanical performance of eukaryotic Pol II under load, providing a point of comparison with bacterial RNAP. In addition, they are able to observe Pol II transcription in the presence of nucleosome obstacles.
Owing to the comparative simplicity of initiation in bacteria, prior single-molecule studies of transcription have focused almost exclusively on E. coli RNAP. In prokaryotes, RNA polymerase requires only a single cofactor, s, to recognize a promoter and initiate transcription. In eukaryotes, by contrast, initiation requires a minimal set of five cofactors to allow Pol II to bind the promoter, unwind the DNA into a transcription bubble, and assume an elongation-competent form (Boeger et al., 2005) . To apply single-molecule techniques to the study of eukaryotic elongation, researchers sought a way to bypass its more complex initiation scheme.
A variety of approaches have been employed to circumvent the requirement for eukaryotic transcription initiation factors, including the use of single-stranded templates or doublestranded templates carrying poly(dC) tails (Dezé lé e et al., 1974; Kadesch and Chamberlin, 1982) . Unfortunately, most such protocols have produced low efficiency, resulting in only a small fraction of activate complexes (15%-25%). Moreover, they are prone to generating persistent hybrids, where the elongating RNA chain remains bound to the separated template DNA beyond the region of the transcription bubble, long after Pol II has transcribed a given sequence (Kadesch and Chamberlin, 1982) . This problem was solved by using a prefabricated nucleic-acid scaffold to simulate the molecular configuration found in the elongation complex, an approach originally developed by von Hippel and coworkers (Daube and von Hippel, 1992) . Initiation based on such scaffolds eliminates the problem of persistent hybrids and makes it possible to initiate the bacterial elongation complex without the aid of s factor or even a promoter sequence. For formation of the scaffold, a doublestranded DNA duplex with an internal noncomplementary DNA ''bubble'' sequence was combined with a short RNA, complementary to a portion of the template strand within the bubble. The core bacterial RNAP molecule will selectively bind the preformed scaffold and resume transcription upon the addition of rNTPs. However, the method suffers from relatively low efficiency, as a large fraction of complexes are unable to extend the RNA primer by more than 1 to 2 nt. In ensemble studies, this inactive fraction can simply be ignored, because the enzymes that do resume transcription upon addition of the complete set of rNTPs behave normally compared with transcription complexes assembled in the presence of native initiation factors (Daube and von Hippel, 1992) . Single-molecule optical-trapping assays, however, can be rendered inoperable, for all practical purposes, by a large inactive fraction, because these enzymes tend to outcompete the active fraction for binding sites on the immobilization substrate (either a bead or coverglass surface), making it difficult to find viable ''tethers'' that will restart upon the addition of rNTPs. If the fraction of active molecules is too low, active Pol II molecules that manage to bind the immobilization substrate will tend to finish transcribing the template before they can be identified under the microscope, a process that usually takes a few minutes ).
Kashlev and coworkers were able to increase the elongation efficiency using the scaffolding approach by assembling the ternary elongation complex in a stepwise, sequential fashion (Komissarova et al., 2003) . First, a short premade RNA transcript is hybridized to a somewhat longer complementary DNA oligo that serves as the template strand, producing an 8-9 bp DNA:RNA hybrid with a single-stranded RNA (ssRNA) overhang. Next, the core polymerase enzyme is added to this assembly, which binds specifically to the double-stranded segment. In the final step, a DNA oligo complementary to the template strand is added to form the nontemplate strand (Figure 3 ), completing the transcription bubble. This scaffold approach can be used to create active elongation complexes for both prokaryotic and eukaryotic RNAP molecules, in both cases bypassing the necessity for initiation factors or promoter sequences.
Bustamante and coworkers used the stepwise scaffold approach, adding their own restriction digest purification step, to obtain the first single-molecule observations of eukaryotic transcription elongation (Galburt et al., 2007) . Though yeast Pol II and E. coli RNAP are structurally homologous, especially in those regions surrounding the enzyme active site, these enzymes exhibited widely different behavior when subjected to external load. Although E. coli RNAP is capable of transcribing against large hindering loads on the order of 25 pN before irreversibly stalling or backtracking along the DNA (Wang et al., 1998) , the operational force limit for yeast Pol II is only 7.5 pN (Galburt et al., 2007) . Above this force, Pol II cannot recover from a backtracked state and becomes irreversibly arrested. In the presence of TFIIS, which rescues Pol II from the backtracked state by cleaving backtracked RNA, the authors found that a fraction of Pol II molecules (25%) were able to transcribe up to forces of 17 pN. This fraction probably reflects the proportion of Pol II molecules that bind and are productively engaged with TFIIS, although the authors do not speculate on the source of the heterogeneity.
This study demonstrates the importance of understanding the mechanical capabilities of RNAP, and the power of optical-trapping techniques in probing these properties. The relatively low stall force of Pol II, compared to bacterial RNAP, may imply an enhanced ability of Pol II to enter a backtracked state, or a reduced ability to recover from such a state. If the stability of the backtracked form is enhanced for Pol II, as has been suggested based on a recent crystal structure , then even moderate loads might be expected to inhibit the resumption of forward elongation from a backtracked state, resulting in a stall. This result immediately suggests different modes of transcriptional regulation in the two different cell types. Pol II is highly sensitive to hindering load, and this response can be modulated by external transcription factors. This likely reflects the way Pol II is regulated in the eukaryotic cell, where the DNA is wrapped around nucleosomes as well as occluded by various DNA-binding proteins. When an unmodified core Pol II molecule encounters a transcriptional block at the start of a gene, for example chromatin, it will enter a backtracked state from which it cannot recover. Factors that modulate the ability of Pol II to transcribe through, or otherwise remove, the transcriptional block (i.e., chromatin remodeling enzymes) allow Pol II to enter into and transcribe the given gene. Thus, the cell can effectively control gene transcription by tuning the mechanical performance of Pol II.
In a follow-up study, Bustamante and coworkers developed a single-molecule Pol II assay that monitored the enzyme as it transcribed nucleosomal DNA (Hodges et al., 2009) . Consistent with their interpretation of the relatively weak mechanical performance of core Pol II in the absence of transcription factors, nucleosomes acted as a significant barrier to elongation. At low ionic strengths (40 mM KCl), where the histone complex is bound tightly to the DNA, a majority of Pol II molecules (>50%) arrested within the region of the nucleosome positioning sequence (NPS). At higher ionic strength (300 mM KCl), where the force required to disrupt the interaction between the histone complex and the DNA is reduced, Pol II molecules that did not arrest at the NPS moved more slowly through the region, were three times more likely to pause, and persisted in the pause state for almost twice as long (Hodges et al., 2009 Review pause-free velocity and the pause distribution within the NPS, the authors propose a model in which Pol II passively separates histones from DNA by ratcheting forward into regions where the nucleosome is locally unwrapped due to thermal fluctuations. The experimental geometry used for this assay, in which the upstream DNA was tethered to one bead while Pol II was tethered to a second bead, also allowed Bustamante and coworkers to monitor the presence of nucleosomes upstream of the enzyme (Hodges et al., 2009) (Figure 3) . Previous assays have shown that partial unbinding of histones due to tension along the DNA produces a characteristic rip in the force-extension curve (Hall et al., 2009; Shundrovsky et al., 2006) . By probing the presence of histones in the upstream DNA after Pol II had transcribed nucleosomal DNA (either unloaded or under tension), the authors were able to test a model of histone transfer via DNA looping. When Pol II transcribed nucleosomes under 3-5 pN of assisting load, a force large enough to prevent the formation of any transient loops in the DNA, no histones were detected in the upstream DNA after Pol II had reached the end of the NPS. However, when Pol II transcribed the same sequence in the absence of load, histones were detected in the upstream DNA for 60% of the molecules (Hodges et al., 2009) , consistent with the notion that partially unbound histones may be transferred to the upstream DNA via a looped intermediate.
Although single-molecule studies initially focused on bacterial transcription, recent advances have extended to the study of eukaryotic Pol II molecules. In probing the performance of Pol II in response to load and transcriptional roadblocks, in the form of nucleosomes, we have increased our understanding of the modes of gene regulation that occur within the eukaryotic cell. Future single-molecule investigations focusing on the response of Pol II to eukaryotic transcription factors, building on similar studies of prokaryotic factors (Shaevitz et al., 2003) , will further our understanding of transcriptional regulation.
Role of RNAP Translocation in Termination
Transcription needs to satisfy opposing constraints. On the one hand, RNAP must form a highly stable elongation complex that can move processively along DNA over long distances, typically kilobases or more. This processivity constraint is facilitated by a network of interactions within the transcription complex. The nascent RNA stays bound to the template DNA over 8-9 bp constituting the RNA:DNA hybrid. Protein residues in the active-site cleft of RNAP surround and likely strengthen this hybrid, and unhybridized portions of the nontemplate DNA and the exiting RNA also interact with specific RNAP residues to maintain the transcription bubble. On the other hand, the elongation complex must become labile enough to release its RNA with high fidelity upon receipt of a termination signal. In prokaryotes, the switch from stability to lability is accomplished in one of two ways: intrinsically, mediated by specific DNA sequence elements, which encode an RNA consisting of a GC-rich hairpin followed by a 9-bp-long U-rich tract, or extrinsically, mediated by the action of external factors, such as rho protein, an ATPdependent hexameric helicase.
Because intrinsic termination in prokaryotes occurs without the aid of external factors, it serves as an ideal experimental system for the study of RNA release. By simply encoding a termination sequence into the DNA, it is possible to trigger termination for a substantial fraction of RNAP complexes in vitro. This fraction, which is given by the TE, varies with the terminator sequence and can be adjusted over a wide dynamic range through slight alterations to the GC-rich hairpin stem, hairpin loop, or U-rich tract. Hairpin-dependent termination has been extensively studied by ensemble methods, and several competing models have been advanced to explain the role of the RNA hairpin in the termination process. The forward translocation model, originally proposed by Roberts and coworkers (Santangelo and Roberts, 2004) , suggests that the cotranscriptional formation of the hairpin immediately adjacent to the RNAP molecule tends to pull on the 5 0 end of the RNA, effectively driving the enzyme downstream along the template without concomitant transcript elongation. This forward motion places the polymerase in a hypertranslocated state, shortening the RNA:DNA hybrid by one to several base pairs. The model was inspired by experiments in which RNAP encountered a transcriptional roadblock downstream of the termination site, produced either by a cleavage-defective mutant of EcoRI, which remains stably bound to the DNA, or a covalent crosslink formed between the template and nontemplate DNA, which inhibits further unwinding of the DNA. In both cases, these artificial roadblocks resulted in a drop in TE, supporting a mechanism that requires the downstream motion of RNAP. In essence, the forward translocation model treats RNAP as a more or less rigid body in which various subdomains and key structural elements remain largely fixed with respect to one another during termination.
A second class of models, known as allosteric models, invokes a change in the tertiary structure of RNAP in response to terminator hairpin formation. The structural change destabilizes the elongation complex and facilitates the release of RNA without requiring RNAP translocation, per se. Based on results from crosslinking studies between nucleotides in the RNA hairpin and specific residues in the RNAP active-site cleft, Nudler and coworkers (Epshtein et al., 2007) proposed a detailed allosteric model in which the hairpin ''invades'' the RNAP active site upon formation, effectively wedging the two large subunits of RNAP apart, producing subsequent release of the transcript.
The competing models predict different translocation behaviors for RNAP during the termination process, particularly in response to externally applied load. When translocation becomes a rate-determining step, it confers a characteristic force sensitivity upon termination for forces applied parallel to the long axis of the DNA. As a consequence, various model predictions can be tested directly with single-molecule techniques that can bias RNAP energetics in a controlled fashion. Block and coworkers used an optical-trapping assay to exert optical forces on the DNA template of individual E. coli elongation complexes as these transcribed three different, representative terminator sequences: his, t500, and ltR2 (Larson et al., 2008) . No change in the TE was observed for either the his or ltR2 terminators across a wide range of assisting or hindering loads. This force independence implies that the commitment step in termination does not involve motion of RNAP along the DNA. However, for the case of the t500 terminator, which has two interruptions in its U tract, applied loads exerted a significant effect upon both the kinetics and the efficiency of transcript release ( Figure 4A ). This force sensitivity suggests that a forward translocation step must occur in the termination pathway for this specific terminator alone. The disparate behavior of the t500 terminator compared to the his or ltR2 terminators therefore implied that forward translocation is not the only pathway leading to transcript release, and furthermore suggested that any requirement for forward enzyme motion might be associated with interruptions in the U-rich tract. A role for the composition of the U tract in producing forward translocation was vividly supported by follow-up experiments on a chimeric terminator, where the U tract of the t500 terminator was placed after the hairpin of the ltR2 terminator. Although the native ltR2 terminator does not itself display evidence for forward translocation during termination ( Figure 4A ), the TE of the chimera exhibits a clear force dependence ( Figure 4B ), confirming that the interrupted U tract can confer the forward translocation property.
For terminators that do not forward translocate prior to transcript release, a different model for termination was proposed, based on experimental results from single-molecule studies where force was exerted on the nascent RNA ( Figure 1C ). In these experiments, the probability of transcript release was raised by increasing load on the RNA, while nevertheless remaining invariant when loads were placed on the DNA. All else being equal, if the transcript remained in register with the template throughout the termination process, then loads exerted in the assisting direction along the DNA template or to the distal end of the growing RNA chain should essentially be equivalent. Therefore, the observed effects of loads on the his and ltR2 terminators imply that the RNA moves out of register with DNA during transcript release, that is, that the DNA:RNA hybrid shears as the RNA leaves through the exit channel. Because shearing occurs concomitant with terminator hairpin formation, this finding suggests a termination model in which the closure of Force (pN) For the ltR2 tetraloop terminator (red squares), which has a single interruption in its U tract, TE is flat over the accessible force range. For the t500 terminator (green circles), which has two interruptions in its U tract, TE increases with force.
(B) Fusion of the ltR2 hairpin with the t500 U tract creates a chimeric terminator that is sensitive to force (blue circles).
(C) A model for the termination pathway. When RNAP reaches an intrinsic terminator sequence with a perfect or near-perfect U tract (upper pathway), hairpin closure pulls the RNA away from the RNAP enzyme, causing the RNA to shear against template DNA in the hybrid without causing forward translocation of RNAP. In the case of an interrupted U tract (lower pathway), RNAP must first forward translocate by 1.4 bp, effectively shortening and destabilizing the RNA:DNA hybrid prior to release of the transcript.
the hairpin stem is itself responsible for the abstraction of RNA from RNAP, halting any further elongation, destabilizing the complex, and eventually leading to the dissociation of DNA from RNAP. Moreover, energetic calculations of the folding energies of hairpins and the stabilities of the various hybrids inside the elongation complex are fully consistent with such a model, and these lead to quantitative predictions of the TEs as a function of load that are fully consistent with all the experimental data. The ability to identify a model that supplies not only qualitative but also quantitative agreement with the data illustrates the power of single-molecule techniques to probe the molecular motions of RNAP. Although the RNA, DNA, and RNAP active site normally remain in fairly tight register during active elongation, that constraint appears to be violated during termination events. All in all, it would seem, termination can proceed either by a forward translocation mechanism (without RNA synthesis) or by shearing of the hybrid upon terminator folding (with RNA synthesis), depending upon the relative energetics of the hairpin itself and the hybrid inside the terminating complex ( Figure 4C ).
Single-Molecule Studies of Transcription
Complex Structure RNAP is just one component of the complete elongation complex. Of course, to study the overall process of transcription, it is vital to understand how RNAP interacts with the template being transcribed, which is locally dissociated into separate strands, as well as with the nascent RNA. Each of the nucleic acid components exerts significant effects on transcription. Pauses during elongation, for example, may be triggered by downstream DNA elements (Lee et al., 1994) , by the sequence of the RNA:DNA hybrid underfoot (Herbert et al., 2006) , or by secondary structures that can form cotranscriptionally in the nascent RNA (Chan and Landick, 1993; Farnham and Platt, 1981) . As discussed above, intrinsic termination also depends on RNA hairpins and U-rich sequences encoded in the transcript. The nontemplate strand sequence, often overlooked in studies of transcription, also seems to play a significant role in modulating the efficiency of termination (Ryder and Roberts, 2003) , preventing RNAP backtracking , and affecting the binding of various transcription factors (Sevostyanova et al., 2008) .
Notwithstanding the importance of a variety of sequence elements in the overall process of transcription, it has been difficult to obtain crystal structures of a complete elongation complex. The most recent crystal structures for both the bacterial and eukaryotic elongation complexes lack certain portions of the nucleic acid scaffold, either due to their omission from the crystallization complex (Sydow et al., 2009; Vassylyev et al., 2007; Wang et al., 2009) or to the apparent mobility of such elements within the unit cell (Kettenberger et al., 2004) . Because of the averaging process that takes place in all diffraction-based approaches, heterogeneity among individual complexes is also lost in the final structures.
A novel single-molecule technique developed by Michaelis and coworkers (Muschielok et al., 2008) makes it possible to pinpoint the location of certain mobile elements and to observe directly aspects of their dynamics ( Figure 5 ). The assay is based on fluorescence resonance energy transfer (FRET) between two fluorescent dyes. The donor dye is placed on the mobile element to be resolved, while the acceptor dye is positioned on a fixed portion of the elongation complex, either at a known position on the DNA template or a known residue on Pol II. By exciting the donor dye and looking at the intensity of the acceptor fluorescence transfer, it becomes possible to estimate the distance between the dyes to within a few Å ngstroms . To translate such FRET distances into three-dimensional information relating to structure, measurements of intramolecular distances were repeated at least three separate times, each time changing the position of the acceptor dye while leaving the donor dye in the same position on the mobile element. Through a process of iterative spatial triangulation and comparison with known crystal structures, the authors were able to determine the position and dynamics of the exiting mRNA, the nontemplate strand, and the upstream DNA duplex Andrecka et al., 2009) . Their single-molecule FRET measurements demonstrated that the transcript in the eukaryotic Pol II elongation complex exits from the (proposed) RNA exit channel identified previously in the bacterial elongation complex (Vassylyev et al., 2007) . At positions farther along the transcript, between 26 and 29 nt from the enzyme active site, the emergent RNA binds to a surface feature on the enzyme known as the ''dock'' domain. This finding is consistent with, and may help to explain, previous results that implicate interaction of the nascent RNA and Pol II in the inhibition of transcriptional pausing, slippage, and arrest once the transcript reaches about 23 nt in length Luse, 2002, 2003; Ujvá ri et al., 2002) . Furthermore, Michaelis and coworkers demonstrated that RNA binding to the dock domain blocks competing interactions between Pol II and TFIIB Muschielok et al., 2008) and may therefore facilitate the transition from abortive initiation to productive elongation. The authors were also able to model the topology of the transcription bubble during elongation, proposing that the template and nontemplate strands of the duplex separate at the +2 position, one base pair ahead of the nucleotide addition site (Andrecka et al., 2009 ). This proposal is consistent with structural models of the yeast Pol II elongation complex (Kettenberger et al., 2004) .
Single-molecule fluorescence techniques have been used previously to provide useful information about the structure and dynamics of the bacterial elongation complex Margeat et al., 2006) , but the assay recently developed by Michaelis and coworkers represents the first application of such techniques to the eukaryotic transcription system, and it also exemplifies the push toward higher resolution. In the future, fluorescence-based measurements of individual complexes should help complete the structural picture of the elongation complex, as well as its modulation by transcription factors. Fluorescence approaches also have the potential to observe dynamic changes in Pol II that occur during initiation and elongation, as previously demonstrated for bacterial and T7 RNAP (Tang et al., 2009 ).
Future of Single-Molecule Transcription Studies
In summary, single-molecule techniques have rapidly established themselves as tools with considerable discrimination power in the study of transcription. Such techniques have already provided fresh insights into practically every facet of transcription, mainly through their unique ability to probe heterogeneous behaviors on a rapid time scale, and to exert control over enzymatic activity during elongation. Studies of the bacterial form of RNAP completed thus far have already revealed a mechanistic picture of initiation , elongation (Abbondanzieri et al., 2005a) , pausing (Herbert et al., 2006) , error correction/editing (Shaevitz et al., 2003) , and termination (Larson et al., 2008) . Single-molecule studies of eukaryotic transcription, while still in their infancy, have already shown that Pol II, which is structurally similar to its bacterial cousin, differs markedly in mechanical performance against hindering loads and have led to the suggestion of an altered mode of transcriptional regulation in the eukaryotic cell (Galburt et al., 2007) . Singlemolecule studies in both prokaryotic and eukaryotic systems have now begun to assess the modulatory effects of transcriptional cofactors, such as s factor (Kapanidis et al., 2005) and GreA/B in bacteria, as well as TFIIS in yeast (Galburt et al., 2007) . The study of additional cofactors, as well as their combined effects on individual transcription complexes, is likely to become a major focus of single-molecule experiments in the years to come.
Additional developments in single-molecule technologies are anticipated to advance our understanding of transcription, as well as to resolve current controversies within the field. A combination of methodologies, such as simultaneous single-molecule fluorescence and optical trapping (Lang et al., 2004) , allow one to monitor components within an individual transcription complex while simultaneously following its motion during different phases of the transcription cycle. Such combined techniques could, in principle, be used to detect changes in the conformations of key subdomains, such as the trigger loop or bridge helix, during elongation and pausing, as well as to test proposed rearrangements in the flap and lid domains during intrinsic termination in bacteria Landick, 2003, 2006) . In a recent study pioneered by the biotechnology company Pacific Biosciences, massively parallel single-molecule fluorescence using evanescent wave illumination was carried out in a nanofabricated array of ''zero-mode waveguides'' to observe large numbers of individual DNA polymerase molecules replicating DNA (Eid et al., 2009) . By monitoring the sequential binding of each of four nucleotide substrates carrying different colored fluorescent labels, they were able to read the sequence of the DNA template with high fidelity (Eid et al., 2009) . Furthermore, the kinetics of polymerase elongation at each site could also be used to determine whether the DNA base being replicated was methylated or not, providing a rapid, powerful alternative to bisulfate sequencing in the study of epigenetic phenomena (Flusberg et al., 2010) . Although this technique has yet to be extended to the study of transcription (and there may be technical obstacles preventing such an extension, owing to the presence of the fluorescent dye label on the cleavable phosphate group of the nucleotide, which has the potential to interfere with RNAP), such a development could report, in principle, on the dynamics of RNAP while correlating polymerization states with the sequence underfoot. Data of this type could be used to identify rapidly, and on a massive scale, template-encoded pause sequences in native genomes, as well as to characterize heterogeneity across large populations of RNAP molecules.
Without question, a big part of the future of single-molecule transcription studies will ultimately lie in our ability to translate techniques, as well as any lessons learned, from the test tube to the living cell. Preliminary studies of transcription in vivo have already demonstrated an apparent discrepancy in elongation rates measured for purified complexes moving in vitro and the overall rates of transcription in vivo (Darzacq et al., 2007) , but such comparisons can be problematic. Single-molecule assays that functioned in vivo would be able to measure directly the rate at which RNAP transcribes a given gene within the cell, while removing the contributions of any off-pathway pause or arrest states. Cellular techniques would also allow researchers to establish whether the ubiquitous pauses observed in vitro play a significant role in regulating rates of cellular transcription. Single-molecule measurements in single cells could also provide further insights into stochastic gene expression, and address long-standing questions about the determination of cell fates. Whatever challenges lie ahead in the study of transcription, it seems clear that the journey ahead will be guided by our newfound ability to learn from single molecules.
